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A general prozram was undertaken to determine the interfer- 
ence effects between multiple bluff body flarneholiers, The f 
flameholders used for these experiments were 1/4 inch diameter 
water cooled cylinders tested in a l by 4 incu combustion chamber. 
Stability lirnits, flarne geometry, and relative combustion efficiency 
were determined as functions of flameholder spacing and number. 

The results of the tests showed that the maximum blowoff 
velocity decreased as the number of flarmeholders increased, This 
reduction was primarily due to the increase in the blockage ratio. In 
addition, a reduction in maximum blowoff velocity occurred when the 
flameholders were moved from the Ssymer:ietrical arrangement in the 
duct. 

A combustion instability characterized by a loud, high frequen- 
cy noise occurred over well defined ranges of fusl air ratio, gas 
velocity, and flamensolder spacing. 

The recirculation zone length and flame widths were primarily 
functions of blockage ratio, modified slightly by flameholder separa- 
tion. No large scale interaction occurred between the wakes of 
adjacent flamehcolüers. combustion efficiency increased with the num- 


cer of flaraeholders and wzs little afíected by flameholler separation. 
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INTRODUCTION 


In air breathing jet propulsive devices such as rain jets and 
turbojet afterburners a flame must be stabilized in a combustible gas 
mixture whose speed may be several hundred feet per second. This 
has frequently been accomplished by placing bluff bodies such as 
cylinders or "У" putters in the zas stream and stabilizing the flame in 
the low velocity eddy region formed behind such bodies. The choice of 
size, shape, positioning, and number of flameholders for a particular 
application has been somewhat arbitrary due to the limited knowledge 
of the exact mechanism of the flame aoldins process, 

Figure lis a photograph of a flarne stabilised on a cylindrical 
flamenolder, viewes along the longitudinal axis, The low velocity 
eddyinz region immediately behind the cylinder is known as the recir- 
culation zone and is seen as the non luminous dark area. Longwell 
(Ref. 1) and Nicholson (Ref. 2), early established the recirculating 
character of the flow inthis zone. In the mixing zone, between the 
recirculation zone and the unburnt yas, the hot recirculation zone gases 
mix with the unburnt material. ፲፻ a sufficient auantity of the cool mater- 
ial is ignited a propagatiny flame will result; thus the residence time of 
the material in the mixing zone will be an important parameter of the 
problem. Since the length of the mixing zone is related to the length 
of the recirculation zone the latter becomes an irnportant parameter, 

Previous investigations have shown that for a particular size 
and shape of flameholder, flame stabilization can be accomplished for 


a given range of mixture ratio and gas velocity, and that outside these 


limits the flame will "blow off". When the limiting mixture ratio is 





2 
plotted versus sas velocity the resulting curve is designated as the 
blowoff curve. 

i4any investiyations have been carried out in an effort to deter- 
mine the effect on the stabilization process of varyin; such parameters 
as size, zeometry, and temperature of the flameholder; fuel charac- 
teristics; temperature and pressure of the combustible mixtures; and 
length of the cornbustion chamber. Such studies have been conducted 
by J. P. Longwell (Ref. 1), A. ©. Scurlock (Ref. 3), G. Williams 
(Ref. 4), G. ù. Haddock (Ref. 5), E. G. Zukoski (Ref. 5), and others, 
However, with the exception of a limited amount of work with small 
diameter flameholders cperating at large spacings, no systematic 
studies have been rnade of the interference effects between multiple 
flameholders. Since most practical applications use two or more 
closely spaced flameholders, it seemed of interest to investizate the 
interference effects found when flameholders are cperated in close 
proximity to each other or to the walls of the combustion chamber. 

The purpose of the present work was te determine the rsagnitude 
and characteristics of such interference. Because of the complexity of 
the flame stabilization process for even a single flameholder, neither 
a detailed quantitative nor a rigorous analytical approach was consider- 
ed applicable at this time to the study of multiple flameholders. In 
order to pursue the problem of interference effects some of the more 
tangible characteristics of flameholder operation were determined for 
various separations and numbers of holders; among these character- 
istics were blowoff velocity curves, recirculation zone lensths, relative 
combustion efficiencies, and wake geometries, The experiments deter- 


mined the variation of these characteristics while keeping the size and 
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shape of the flameholders constant but varying the separation and 
number of flameholders in a fixed area combustion chamber. Numer- 
ous Schlieren photoszrephs were taken to aid in deterimining tne extent 
of mixing of the turbulent wakes and to assist in explaining the overall 
results of the experiments conducted. 

AML work was accomplished at the California Institute of 
Technology, Jet Propulsion Laboratory, Pasadena, california usinz 


existing equipment designed by Dr. F. H. Wright. 
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DAPLRIMENTAL APPARATUS : 


compressed air was drawn from a controlled supply and heated 
to a fixed temperature; fuel was injected into the heated air well up 
stream of the plenum chamber to insure complete and uniform mixiag. 
The homozeneous mixture passed from the plenum chamber thirougi a 
smoothly converging nozzle into the J] by 4 inch combustion chamber. 
The seometry of the plenurn chamber, nozzle, ang combustion chamber 
was such that a homogeneous mixture at a fixed ternperature, controlled 
velocity, and low turbulence level was available. A schematic diagram 
of the system is given in Fipure 2, Vycor glass windows on the sides 
of the combustion chamber allowed visual observation and photographs 
of the flame front in the vicinity of the flamehoiders. 

Air was supplied by a reciprocating compressor system with a 
capacity of 3, 5 lbs/sec. at a regulated pressure of 65 psi», The m.ass 
flow rate was controlled by a sonic throat repulatin»y valve upstream of 
both the heat exchanger and the fuel injector thereby insuring a 
constant mass flow regardless of changes in air temperature or fuel 
injection rate. Mass flow and hence velocity was measured by a sharp 
edged orifice flow meter located downstream of the heat exchanger and 
upstream Of the fuel injector. The flowmeter utilized both water and 
mercury manometers to cover the range of required pressures while 
the temperature at the orifice was determined by a chromel-alumel 
thermocouple read by a Brown Automatic Potentiometer. 

A mixture temperature of 610°R was used in the experiments to 


insure complete vaporization of all the fuel components, The tempera- 


ture of the air was controlled by passing a fraction of the total flow 





-) 

through a shell and tase typ? heat ezcnanjsr. This arran 
allowed the nest er to ne operate at a coastant t2 perature 
while permitting ra il adjust reat to the nverail temperature of the air. 

The calming chamber was 15 inches in diameter and 5 feet 
long. Six 150 mesh screens were mounted in the calming cnarnber to 
reduce the initial turbulence, A 10 inch rupture disc was placed in the 
wall of the calminz chamber and a flame arrestor was located upstream 
of the chamber to prevent flashback frorn traveling up the supply lines. 
A total pressure tap was located in the calming chamber 2 feet up- 
stream of the combustion chamber entrance ard a static pressure tap 
was placed 1/2 inch downstream from the entrance in the 1 by 4 inch 
cross section of the combustion chamber. 

The converziny nozzle developed smoothly from tne 12 inch 
diameter to the l by 4 inch cross section of the rectangular combustion 
chamber in an axial distance of 18 inches, The length of the combus- 
tion chamber was 9 inches when the 4 by 6 inch Vycor glass sidewalls 
were used and 5 inches when the 4 by 3 inch glass sidewalls were used. 
The flameholders were mounted perpendicularly across the 1 inca 
dimensicn of the chamber, ani nearly tangent to the upstream edue of 
the glass sidewall, Photographs of the combustion chamber and a 
general view of the apparatus are shown in Figure 3. 

From one to five 1/4 inch diameter water cooled flameholders 
were used. The fiamehalders were niade of stainless-steel tubing with 
1/8 inch inlet and exit water tubes passing through the sidewalls of the 
test section, Tae combustible mixture was ignited ùy a hizh voltage 
alternating current spark passing from an ignitor rod to the flame- 


holder, 
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The fuel used was commercial paint thinner (Thinner Ne. I), 
Union Oil Co., Los angeles, alif.) with a molecular weizht of 


aporoximately 91, N detailed chemical and physical property analysis 


is given in Taole i, The fuel was drawn £roro nitrogen pressurized 


* 


tanks and injected into the heated air upstream of the calming chamber. 


0 


55 x 


The fuel was metered by Yisher Sorter Ylowrators and injected 
through 24 zsl/hr. turbojet injectors. 

The schlieren equipment used was a conventional double rnirror 
system using two 6 inch diameter concave mirrors with a 59 inch focal 
length. The light source used was a BH-6 lamp which was synchro- 
nized with the camera shutter by a series of relays which furnished the 
required delay. The B£i-6 furnished a spark of less than Y mic.o- 


seconds duration. Photographic film was Hastman Super XX, 
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PROCEDURES AND RESULTS 


A. Blowoff Limits. 

To obtain the blowoff limits at the lower velocities (below 250 
ft/sec.) the desired sas velocity was set, ignition accomplished and 
the fuel quantity varied until blowoff occurred either at the rich or 
lean limit. Direct ignition of the mixture was impossible for veloc- 
ities above 250 ft/sec. therefore making it necessary to light off at a 
lower velocity, then increase the velocity and fuel until the desired 
value was reached. Following this the procedure was similar to that 
used at the lower velocity, that is, increasing or decreasing the fuel 
flow rate until blowoff occurred, Points near the peak cf the blowoff 
curve required the fuel flow to be set at a siven value and then 
increase the air flow until blowoff. The criteria used in all tests for 
determining the blowoff curve was that blowoff occurred when the flame 
was extinguished on any one of the flameholders of a multiple configur- 
ation. This was necessary due to the added complexities in the flow 
field caused by the KArman vortex street produced behind a cold flame- 
holder. It was found that ignition was more readily accomplished if the 
Spark was struck slightly aft of the top or bottom position on the flame 
holder rather than the point directly behind or downstrearn. 

In all the tests conducted 1/4 inch diameter water cooled flame- 
holders were used. The blowoff limits for two flameholders at 3/8, 
1/2, 2/-:, 1, 3, 1 1/2, 2, 2 1/2, 3, 3 1/4, and 3 1/2 inch separations 

‘ere determined. For a duct 4 inches wide a separation of 3 1/2 inches 
places each flameholder 1/4 inch from the wall and would correspond to 


the 1/2 inch separation between flarneholders if the center strearnline 








5 
between the two flarneholders were replaced by a solid wall. This is 


illustrated in the following sxetch. 


12227 / / ПП лига 





ик Z ያ 29.7 ee Z ... zz 7 


1/2" Separation 3 1/2" Separation 


Jircilarly the 3/4 and 1 inch separation correspond to 3 1/4 and 3 inch 
separation respectively, Experiments showed that the velocity profile 
of the duct was very flat ani the boundary layer thickness was notin 
excess of .020 inches; therefore, no compensations were made for the 
boundary layer in these tests. 

Phe first blowofk curves, cf Figure 4, were obtained using Vycor 


glass walis 6 inches lon: with the surface of the flameholder nearly 


er 


1955 wall, With a 3/3 inch separa- 


7 
ә 


angent to the upstream edre of the 
tion the blowoff curve shown in Fiyure 4 was obtained, Near the rich 

and lean blowoif velocities and for all mixture ratios at velocities 

above 252 ft/sec. it was impossible to completely stabilize the flame | 
on both holders at once; one flareholder became dominent and pinched 


the flame off the other, Schlieren photographs of this phenomena are 





shown in "ire 
Siowoff curve could be obtained for this separation. 
At the 1/27 separation and the 6" glass walls no unusual events 


£x 


occurred during the determination oí the biowofí curves. The results 


^ 


of these tests are viven in Figure 4, and if may be seen that a maxi- 
mure blowoff velocity of 389 ft/sec. was obtained. As previous 
investigators had found, the blowoff occurred by pinchina off or neck- 
ins down, slightly aft of the recirculation zone. Typical Schlieren 
photographs of flames at the 1/2 inch separation are shown in Figure 
6. 

4 ith the 3/4 inch separation (6 inch walls) at velocities above 
250 ft/sec., an extremely high intensity noise was heard near the rich 
blowoff limit; as the velocity increased, the mixture ratio limits 
covered by this noise increased uatil at velocities above 420 ft/sec. 
the noise extended over the entire ranye of rnixture ratios from the rich 
to the lean olewoff lisnits. The maximum blowoff velocity was found to 
be 445 ft/sec. 

The 1, 1.30, and 2 inch separations gave results similar to the 
3/4 inch separation, cf Fi;ure 4, however the noise covered an 
increasingly lar.ze portion of the blowcff curve, It was found that the 
maximum blowoff velocity for the 3 inch separation was lower than that 
at the 3/4 inch separation thereby deviating frorn the zeneral trend of 
increasing blowoff velocity with separation. However, the high intensi- 
ty noise previously mentioned covered a much greater range of fuel air 
ratios and velocities at the 1 inch separation than was the case for the 


3/4 inch. It was therefore felt that, whatever the cause of the noise, it 











10 
was instrumentalin reducin; the maximum blowoff velocity. "That is, 
at this point, the detrimental effects of the noise overpowered the 
beneficial effects of increased separation. A more detailed discussion 
of the noise and some justification for this supposition is given in 
Section B. 

The results plotted in Figure 4 show that the maximum blowoff 
velocity for two flameholders in a duct increased with increasing 
separation up to 2 inches. At the 2 inch separation the flarneholders 
were spaced so as to effectively divide the duct into two ducts cf 1 by 
2 inches with the flameholders centered in each of these two smaller 
areas. This is again based on the concept that the center streamline 
can be replaced by a solid wall. With this symmetrical configuration, 
the reduction in the raaximum blowoff velocities as compared to a 
single flameholder in the 1 by 4 inch duct may be primarily attributed 
to an increase in the blockage ratio. For cornparison purposes results 
obtained with a single 1/4 inch diameter flameholder are included. 

As the separation increased beyond 2 inches the flarneholders 
were closer to the walls of the duct than to the centerline; therefore 
the 3, 3 1/4, and 3 1/2 inch separations corresponded to the 1, 3/4, 
and 1/2 inch separations respectively if effects such as heat conduction 
through the walls and interference between wakes are neglected. The 
upper portions of the blowoff curves for the 3 1/2, 3 1/4, and 2 1/2 
inch separations are plotted with the 1/2, 3/4, and 1 1/2 inch 
separations in Figure 7 while Figure 8 is a plot of the 3 and 1 inch 
separations. To better visualize the results, the maximurn blowoff 


velocity is plotted as a function of the separation in Figure 9, If there 





11 
were no interference between the flame fronts or waxes of the two 
flarneholders the maximurn blowoff velocities should begin to decrease 
as the separation increases beyond 2 inches, Furthermore, for 
corresponding separations under the divided duct concept, such as 5 i 
inch and 1 inch separations, blowoff velocities should be the same. It 
is apparent from Figure 9 that in addition to the ‘wall effects" some 
interaction between the flame fronts occurs causing a further reduction 
in maximum blowoff velocity, The maximum difference, as may oe 
expected, is found with the flameholders at the minimürn separation 
(1/& inch from the centerline) as compared with the flameholders at 
3 1/2 inch separation (1/4 inch from walls). The reduction in maximur 
blowoff velocity for corresponding separations is twice as great for 
flameholders approachiny each other than when approaching the wall. 
This indicates that the effect on biowoff velocity of wake interaction 
alone 1s of the same crder of magnitude as the "wall effect". The "wall 
effect" may be thought of as an effective blockaze ratio, that is the 
condition arising when the effects caused by the decrease in flow area 
on one side oz the flameholder are not relieved by the increase in the 
flow area on the opposite side. tiowever, even under the most adverse 
conditions, that is when comparin; the 3 1/2 and 1/2 inch separations, | 


the difference in blowoff velocities is only 60 ft/sec. or approximately 


15 per cent of the total blowcif velocity. Furthermore, the difference 
between comparable separations is considerably less as the configura- 
tion appreaches the symmetrical situation at the 2 inch separation. It 
is interesting to note that the dip in the blowoff velocity at the 1 inch 
separation also occurred at the 3 inch position and that range ci 


velocities and fuel air mixture vatios over which the noise occurred 
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was sirmilu» for C@mparasle separations. Wars when the separation 
reached 3 1/2 inches (1/2 inch from the walls) the noise disappeared 
completely as was the case when the flamcholuers were 1/2 inch 
from: the centerline of the duct. nce the disturbance was weli estab- 
lished, that is for separaticns 2etwcen 1 and 3 inches, the maximum. 
blowoff velocity increased nearly linearly up to the ¢ inch spacing and | 
decreased linearly from 2 to 3 inches, but at a different rate. 

In addition to the investigation carried out with two flameholders, 
blowoff velocities were also determined for three and five flameholders 
at both 1/2 and 3/4 inch separations. For the 1/2 inch separation a 
well defined curve could not de established for cither tue three or five 
flameholders. For three holders the maximum velocity which could be 
obtained was approximately 139 ft/sec. while for five flameholders it 
was 124 ft/sec. At velocities above these values a flame could not be 
stabilized on all flameholiders sirnultaneouasly. For these multiple 
configurations the oliowcff occurred in such a rnanner as to give the 
maximum separation between adiacent flames, that is for the three 
flarmeholders the center would blowoff first; and for the five flame- 
holders the center and two outermost would remain lit while the 
numbers "2" and "4" would blowoff, The flamehciders are numbered 
consecutively trom the top to the bottom of the duct to aid in identifica- 
tion, Schlieren photographs of five flameholders at the 1/2 inch 
separation are presented in Figure 10 with the bottom picture clearly 
snowing the diminishing flame on namber "Z" aad "4" fHameholders just 
before lean blowoff{ occurs. | 

The same sequence of flameholder blowofî described for the 1/2 


inch separation was noted for the 3/4 inch separation when testin; three 
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tions. As tue separation increased or decreased frorn 2 inches, the 
range of fuel air ratios aná ,as velocities at whic’: tho noise appeared 
decreased. Jt both tne 1/2 and 3 1/2 inch separations and noise giso- 


apveared cormpletel;. The exact range of coverage for the 2, 1, and 


3/4 inch separatives isin, the € inch glass sidewalls are -iven in 
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ጋ A 
cy noise occurred over well define combinations of fuel air ratios and 
izure 13, Fi are li, and Fizare 15 respectively. Tus ncise was also 
present for three aad five flameholders at both the 1/2 and 3/4 inci 
separations ander certain conditions cf operation. For three flame- 


holders st 1/2 inci separations, tho noise occurred after the center 
flamebolier ble. uff; while, for the 2/4 inch separation the noise dis- 
appeared when fue ventez fla:neholder Liew off. sirilarly, for five | 


flar:enolioro at 1/2 inch separations the noise started vhen the na ber 


e 


2" and 4 flamehlldors blew off, however for the 3/4 inch segara- 
tion the noise which was normally present would cease as the nur ber 
"2" and "4! fla-reholders blew off. It is somewhat difficult to explain 


the reason vehing this cor plex action since an adeguate explanation 


for the variation cf noise liites fur two flamehsiders has not been 
developed, 
Tests were made with 3 and 9 inch lon; sidewalis in addition to | , 


LOT ir st comficuration of o inch walls to ın 2 y establis} | 
the normal test conficuration of o inch walls to nore clearly establish 


ር.” 
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tue relation Letween the cisturdance and the duct length. Both fre- 
quency measurements and schlieren photographs were ootainea curing 
conditions ci noise and no noise. 

Biowoff curves were determined with the 3 inch walls at flame 
holder separations previously used for tae C inca walls and the results 
plotted in a manner similar to those in Figure 7 and Figure 6, The 
maximum; Dlowofi velocities in each case were plotied versus separa- 
tion in Fizure lí.  2o:nparison of Zigure l6 ior the 3 inch walls with 
Figure 9 for the 6 inch walls shows 1) an overall drop iu :cazxirmum 
blowoff velocities aad 2) an alleviation of the drop in the curve when 
going from the 3/4 to the l iu.h separation. The overall redaction ia 
maximum blowoff velucitie: with a decrease in duct length is in ayree- 
ment with the results previously reported by ziaddock (Ref. 5} when 
testing the effects of this pararneter on tne stability limits. Mo noise 
or other indications of combustion instabilities were present while 
using the 3 inch walls. Study of Schlieren photographs taken with the 3 
inch walls at various operating conditions showed little indication of 
disturbances which might have initiated the previously experienced 
unstable burning. ilowever, the variation in the smooth curve of Figure 


16 between the 3/4 and 1 inch separation indicates that sume type of 


instability still becomes important at this particular separation. 


ሥ 


Schlieren photographs taken at conditions of noise ani no noise 


using 6 inch walls show conclusively the relaticnship between combustion 


ያ 


a 
iT 


instability and the noise produced, Figure 17 and Figure lE are typical 
photographs taken under such conditions for the case of the 2 inch 
separation. Fi mre 13 shows the operatin: conditions for these photo- 


graphs, In Figure 19 are ziven photographs of stable and unstable 
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16 
combustion for the 3 inch separation. All photographs taken, anc in 
particular tiiose of five flameholders, of Figure £0, show absolute 
symmetry in the longitudinal position of the bursts. This implies 
that the periodic disturbance causing the instability is longitudinal 
in nature. 

The photographs show trat tne flarne pincues down periodically. 
This pinching down occurs at a point near the eni of the recirculation 
zone in a manner Similar to that observed during normal vlowoff, In 
addition to the photographic evidence, tne drop in settling chamber 
pressure indicates that the flame is oscillating between a point near 
blowoff and steady burning. ther investiyators nave found corrbustion 
instabilities cf this nature when testing sin le flarnenolderc; anions 
these are Nicholson (Ref. 2), Scurloca (Ref, 3), Slackshear (Ref. 7), 
and Dunlap (Ref. 3). 

To further investigate tae nature of the disturbance the sound 
was recorded on a Stancil Hoffman tape recorder using a crysta 
microphone pickup located 15 1/2 inches downstream and Y laches 
below the duct exit. Tie recording was analyzed for frequency and 
amplitude by a Hewlett Packard Spectrum Analyser, Frequency 
measurements were made for both the € aad 9 inch walls. . typical 


example of the frequency trace from the spectrusn: analyser is shown 


pto 


n Figure 21 for a 2 inch separation during conditions ci noise and no 
noise using the О inch slags sidewails on the combustion chamber. Tor 
the 6 inch duct, a pronounced peak is present at approximately 1000 
cycles while lower amplitude noise ia found in the 30-400 cycle range. 


in addition to the fundamental frequency of 1000 cycles, Zud, 3rd, and 





17 | | 


in some cases the “th harmonics were clearly visiole. since Ficurc 


details have been lost ana the higher harnionics are not as apparent 

as on the oricinal, ‘ixperirmento were also carried out for the l inch 

separation and although the curves were nearly identical the relative 
v~iplituae of the major sound peak is somewhat more pronounced 


with the Z inch separation, The arnplitude and frequency cf tac peak 


depended slizhtly on the fuel air ratio and gas velocity, Two rang 
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were made with the © inch walls with no combustion talin: place to 


Ll 


* 


determine tie noise wade by t 


21 has been reduced from a size of 2& by 22 inches some of the finer 
he HAarmdn vortex street. The vortex 


shedding produced a hirzh frequency cound, approximately 2500 cycles 


per second, with an amplitude on the order of one-tenth that found 


ә è 


during combustion instability. The frezuency of 2500 cycles is in 
close agreement with that calculated Dy the well-known relaticn 


f=, whe 


= 


ere V is the approach speed o£ the zas, d is tae diarneter of 
the flamekbolder and z the strouhal Number which for circular cylinders 
15 aporoximately 0,192, 

Test made with the 9 inch walls snow ia addition to the lower I 
frequency noises two prominent peaks of higher freauency. One peak | 
occurs at a frec¢uency which would be expected if the lenvti cf the duct 
were the controlling parameter, that is on the order cf 700 cycles 
while another more prorsinent peak is found at approximately 1400 
cycles. Iiis of interest to note that the freq 5 between 1000 and 
1590 cycles are those that are amplified the raost evea thouga in the 

case of the 9 inch duct this appears tc be the 2nd har:nonic rather taan 


tae fundamental. 








is 


It is reasonable to assume that the acoustic waves producing 


G 


the noise during combustion lastability are driven by the periodic 


5 1 


bursts of flarrne shown in the photograpas. furthermore, tne vursi 


e 
Ee 
o 


of flan.e are caused by ta: pressure ana velocity fluctustions of 
acoustic waves, thereoy resultin, 
If the point at waich the pinching Uown occurs, that is the ead of the 
recirculation sone, lies outside ur near the end of the duct, tac 


ressure, »2nce the velocity fluctuations are relieved, and reinforce- 


J 


ment from auct resonance dves not occur, 
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ustica instability do not. appear. 


Since the end of the recirculation zone occurs near tiic end oi 


ba # 


the duct for tie 3 inch walls the instability would not be expected to 


m 


appear; results of tue tests with 3 inch walis show that this is true. 


A few measurements cf velocity fluctuations were made during 


+. 


combustion instability. rrom. these measurements tue variation of 


velocity in the fiarie was estinated to be of the order of + 20 ft/sec. 


4 
Just how the velocity and pressure variations enter ints the instability 


و 


process is not known. There are several possibilities which may 


explain, partially at least, the observed results. Гог instance, it may 


ve postulatec that tne end of the recirculation zone has a velocity 
which is essentially zero for stable combustica. The superposition of 
the negative phase of tne velocity fluctuation on this zero velocity may 
shorten the lenzth of tae recirculation zone. "This sudden shortening 
will cause vortices to be formed iu the inixing gone at the ait end of 


the recirculation zone. If these vortices are sufficiently strony, un- 


burnt material will be swept 38 towards tue center of the wake, and 





hence the flame will be cinched off, The positive phase of the 
& 


velocity fluctuation relieves this adverse condition ani allows th 
flame to propagate. Thus the velocity fluctuation cause neriodic 


bursts of flame to ape 


(5 


wi 
፦፡ 


AY in the wake. 
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S., Investiration ci Fiame Geometr 





The importance of the recirculation zone in the flame stabili- 
sation process has long been recozniged. Previous investi;ators have 
conducted extensive studies of the temperature, composition, pressure, 


and more recently the lencth of this zone, Zukoski (Ref. Š) kas shown 


(9 


ro) 


a direct correlation between Dlowoff velocities and the length of the 
recirculation zone. It is therefore of interest to determine, the effect 
of flarneholder separation on flame seometry. 

Lengths of the recirculation zone were obtained for various 
velocities and fuel-air ratios. These tests were conducted by observing 
the yellow scdiu: flare produced by injecting a small strean. of salt 
water into the flame in the vicinity cf the recirculation zone. The salt 
? 


aa Small metal tupde mounted on a iathe com- 


2 


water was piped throu 
pound. This arranzvement allo ves the tube to be noved both in an axial 
and transverse direction with the amount of movement indicated by a 
pointer and scale. The len~th of the recirculation zone was deter- 
mined by finding the farthest point downstream at which the yellow 
sodium flame from which the salt water entered the low velocity eddy 
revion, At distances further from the flameholder than the end of the 
recirculation zone tke yellow flame would appear only downstream. of 
the injection point, while for distances closer to the flar-cholider than 
this end soint, the sodiurm would be carried upstream. J.lthoush the 
scale on the lathe compound could be read to 0.01 inches the overall 
accuracy of the procedure was somewhat in doubt due to tae visual 
evaluation required by the observer. However, the excellent repro- 
duceability of measurements showed that the relative values of the 


lengtas were accurate. 
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The len $hg of the recirculation zones were deter:nined for 


сә 


both a single fle-neholder and for (wo flameholders at 2/9, 1/2, 3/4, 


፦ 


and Z inch separatious with the results plotted in Figure 22 and 


Figure 23. For Reynolds numbers lov. enough to produce essentially 


ቀ 


laminar mixing zones, the length cf tha recirculation zone increases 
rapidly with an increase in fuel-air ratio. However, for turbulent 
mixing zones, that is for velocities above approximately 200 ft/sec. 
for the 1/2 inch diameter cylinder, the length of the recirculation zone 
was less sensitive to variation in fuel air ratio but increases with in- 
creases in mixture velocity. sure 24 showe the variation in 
recirculation gone lenzth with mixture velocity at various separations 
for a stoichiometric mixture ratio, cor all separations tested the 
recirculation zone length varied nearly linearly with the rmixture 
velocity once this velocity was above that required to produce a turpu- 
lent flare. It can se seen from Fisure 24, that the rate of variation 
of recirculation 5936 lenstk with mixture velocity fcr the sinzie flame- 
holder, the 2 inch, and 3/4 inch separations was approximatel; 0.15 
inches per 109 ft/sec. while for the 3/3 and 1/2 inch separation it was 


0,30 inches per 100 ft/sec. of mizture velocity. Zukosxi (L.ef. 6) has 


shown that the lengths teni to vecome constant as the ralzture approach 


ho 


velocity increases oeyonu the values shown in Figure 2% 


J, R, Foster (Ref. 9) studying the effects of blockage ratio on 


ኛነ] 


flame seo netry found a decrease in recirculation sone lengtns es th 


8 


per cent blockage, that is tae ratio of iloineholdez area to duct area, 


= 


was increased. e results of tests b, "Toster usiag a 1/4 inch dia- 
meter water cooled cylindrical flamehvider in a 2 by + inca 


rectanzular duct are plotted alon; with the results of tnis author in 
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Figure 25. Foster tested a 1/4 inch diameter cylinder with the flame- 
holder across both the Z inch dimension and across tae “¿inch 
dimension cf the duct giving 2 1/16 and 1/8 blockage ratio respectively. 
These blockaye ratios correspond to the single 1/4 inch diameter 
cylinder and two 1/4 inch diameter cylinders across the l inch dimen- 
sion of the 1 by 4 inch duct. Figure 25 shows good correlation of 
recirculation zone lenzths with blockage ratio and indicates that reduc- 
tion in len-th with increasing the number of flameholders can be 
attributed primarily to blockave effects. 

Additional variations in recirculation sone least may be caused 
by localized velocity variations and changes in Dluckaze ratio, It is 
known from Fizures 2%, and Reference 9 that the length of the recircula- 
tion zone varies directly with mixture approach velocity and inversely 
with blockage ratio. since the rapid rise in recirculation zone length 
for the sinzle 1/4 inch cylinder can be associated with a Reynolds 
nujaber known to ve in the transition range fro. larninar tco turbulent 
flow, it is postulated that similar rapid variations in the curves for each 
separation indicates a similar transition, Figure 24 shows a shift of 
this transition sone to lower rnixture approacn velocities as the separa- 
tion decreases thereby suzgestin: a higher local velocity between the 
flaraeholders, It is therefore possible that as the flameholder separa- 
tion was decreased from 4 inches, the velocity between the flameholders 


in the vicinity of the recirculation zone increased. Furthermore, the 


ርባ 


effective blockage ratio increased due to the proximity of the flame- 
holders to each other, Effective blockare has previously been defined 


as the condition arising when the effects caused by the decrease in flow 


area on one side cf the flameholder are not relieved by the increase in 


23 

the flow area on tne opposite side. If such was the case, the two 
conditions, conflicting in their effect on the length of the recircula- 
tion zone, would cause variations in the lengths frorn the values 
obtained at the Z inch separation. such variations are shown in figure 
24. 

To further investigate the effect of separation on flarie ceometry 
the width of the flame frunt downstream of the flarenolder was wea- 
sured and plotted for various separations in Figure 25; the results 
plotted are averages ot several photographs of each separation, Figure 
26 indicates that tie total flame width varies slisht1y with fla-eholder 
1 


separation, witz the total width Jecreasin3 with decrezasia- 


pure 


separation, 
ው . +" st እ Y? f e 74 € ^ dər t: A £l ad e idt! ` €: A o 11 A 3 Soch de t 
olnce + Oster Liel., 9) nas Showa Liat tlarae wildta 1S virtua vindiepenuien 
of mixture approach velocity an” fuel air ratio, but varies inversely 


with 2iocka ;e ratio, the resulte of Figure 29 tend to substantiate the 


^ 


concept of an "effective" Diockhage incrense previzusly discussed. 
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D. Make Interac tion. 
In order to determine the extent of wake interaction between 


two or more flameacliders a larze nunSer cf Schlieren phototraphs | 


were studied, #hen the flameholders are closely spaced, asin | 


4 


Wipure 5 and Fi 


length. tiowever, each wake rmaintains its identity without large 


Scale mixin, cr rolling up. The photezranhs shown in Figure 16 an 


puta 


interlacing without viz- 
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ina. Fizure > af graph of tre flame stabilized on the center 


three fla-:ehsilters of a five flameholder array. The Zar han vortex 


Streets behin2 tne twe outer flamehcliers produce larse scale distur- 
bances in the anburnt sas. This external disturbance caused the 


mormaliv straizht wakes on therce air flarienoldersa to distort, how- 


^ 


ever, even under these extrerse conditions the identity of the 


E 


“4 z [E a ee Ee p 
individual wakes was vreserved. 


bi 
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ults previously presented in Figure 9 and Figure 16 
show that the :iaxi-;uc blowoff velccity is reduced more drastically 

as the fliameholders approach each other than when they approach the 
walls. Therefore, the interlacing or interference of the wakes rauast 
have some effect on the stability lirnits, However, as previously 
determined, this effect is relatively small except when the flameholder 


separation is less than approximately three diarneters. 











E, combustion sfficiency, 

In general, ¿00d combustion chamber iegizn requires that the 
fuel be burned in the smallest possible space with ~inivum dray 
losses, In addition to tris requirement the stability limits both in fuel 
air ratio and :aixture velocity should act be restrictive. Therefore it 
ig of interest to see what effect both number ani spacing cf Mameholders 
has on combustion efficiency. 

It can be shown fron the continuity, momentun, and energy 
equationg that the static pressure ratio across a constant area duct in 


whick uniform. combustion is takin; piace can be expressed аб: 


F3 
= 21 - rm [(Bp -/) + Ca | 


ን L2 A 6 
#5 — GR, Lx T ove 9 W 


fe 


Here the subscripts 2 and 3 refer to tha combustion cha: (ber entrance 


and exit respectively. iiis the total enthalpy and [., tie Slarneholder 
LA 


. ሠ 
4 Cola, 


Although tae above equations did not apply directly to the duct and flame- 


+ Coy, (2) 


holder confizurations tested, the rise in the pressare uustreain of the 


flamenholders did provide a qualitative value for combustion efficiency, 


Nes, since N, is related to the total enthalpy, 4, through the relation 


t 


MM = Nafn where £ is the fuel weiyht, and his the fuel heating тајла, In 


the apparatus used for these experiments the duct was vented to the 
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atmosphere therefure D 3 Was a constant and equal to the atmospheric 


pressure. Since the total neac in the settling charnber, 1 јә Was 


conveniently measured, equation (2) was rewritten in the form 


Fe = E = ai Co 2 
B / 十 Be? e A (3) 


-ዳ 


2rag due to the flameholders with combustion is not exactly 


with the aid of the identity: - 2- 
£ 


known, however it is known that the drag of a flarneholder with a 


4 


stabilized flame is less than that of the same body with no fiame due to 


€3 


the chanze in the nature of the flow ficela behind the bluff body. The 


2 
normal Karman vortex street, characteristic of adiabatic flow behind 

a bluft body, is not present when a flame is stabilized. The drag 
coefficient drops from the adiabatic value, of the order of 1.2 toa 
value o£ approxirrately 0. 75 when the flame is attached. It is therefore 
concluded, that whatever the drag may oe duzin,; combustion, itis 
never more than that which is measured for the flaincholder without 
cornbustion; hence, the tctal rise in settling chamber total pressure 
minus the rise due to cold fiameholder drag is a conservative value for 
the measurement of relative combustion efficiency, 

The value Р./а was determined for onc, two, three, and five 
flarneholiers at both the 1/2 and 3/4 inch separations as a function of 
fuel air retic, The results of these tests are plotted in Figure 28 and 
show 1) a definite increase in combustion efficiency as the number of 
flameholders increases and 2) little chanse in combustion efficiency 
as the separation is varied, Ficure 2° presents a plot of an average 


value of P/q for & stoichiornetric raixture as a function of the nur. ber 
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Reference to Figure li and figure 29 shows that althou-sh tàe 


combustion is improved oy increasin; tue number of flameholiers 


irom one to five the olowcli velocity is radically reduced, therefore | 


for any particular application taere is an optimuz: configuration 


determined by the relative importance of those two factors. 











28 


SONLLUSION 


& general investization of the interference effects between 
multiple bluff body flameholders has deen carried out. 

In general the maximur: dlowoff velocity is reduced by the 
addition of more than one flameholder; this is primarily due to the 
increased blockage ratio. For the confizurations tested an фалысыр 
reduction in the blowoff velocities, or stability limits, occurs as the 
separation is varied frorn the symmetrical arrangernent. This addi- 
tional reduction is due to "wall effect" or "effective olockase" as the 
flameholiers approach each other or the walls of the duct, and also 
to the interference between the wakes of adjacent flames. 

ombustion instability will occur over certain ranges of fuel 
air ratios and mixture approach velocities, The greatest ranse of 
instability occurs for symmetrically spaced flameholders; the in- 
stability cas be alleviated or eliminated 2y moving the flarneholders 
from this confivuration while maintaining the actual blockage ratio 
constant. /.s a result of this combustion instability, the practical 
blowoff limits are 2reatly reduced from actual or absolute case where 
the flame is completely extía mished. The cause of the instability 
appears to be a longitudinal flame driven oscillation with the frequency 
controlled by the duct lensta. However, the frequency which 1s rnost 
amplified is net necessarily the duct fundamental frequency. 

Variations in recirculation zone length and flame width are 
deterriine¿ primarily Oy the vlockage ratico. 

e 


¿here 15 no stroac interaction between the wakes such as larg 


scale mixing or rolling up. Each wake retains its identity even though 


ሆ 


é 


considerable distortion may be induced by the unburned free strearn, 








29 
combustion efficiency increases and maximum blowoff 
velocity decreases with the number of flameholders, Furthermore 
combustion efficiency appears to be little effected by the separation 
between flameholders or the velocity of the approach mixture 


providin, the range of unstable combustion is avoided. | 
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Gravity (PAPI at 60°F) 61.4 
Gravity, specific (60/60) 0.7335 
Reid vapor pressure (lb) 2,0 


Heat of combustion (Btu/1b) 
Gross 20,130 
Net 18, 793 


ASTA distillation 


e i 

Initiai ( F) 150 

mə © 

Maximun (F) 220 

1 $e O 

Acid solubility (~/o) 7.9 
Brorrine number 0.003 
Percentage of carbon 85, 09 
Percentage of hydrogen 12,23 


Proximate analysis: 


2yclopentane 1 
Ischexane 34 
n-Hexane 15 
«fethylcyciopentane 30 
„ycichexane 17 


Benzene 2 
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FIG.II- BLOWOFF LIMITS FOR MULTIPLE 1/4" DIA. CYLINDERS 
AT 3/4" SEPARATIONS 
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Figure 12 — Schlieren Photographs Showing Flame Stabilized 
Three and Five 1/4 inch Diameter Cylindrica 
Flameholders with 3/4 inch Separations 
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FIG.I3- BLOWOFF LIMITS FOR TWO 1/4" DIA. CYLINDERS WITH 


2" SEPARATION, SHOWING REGION OF UNSTABLE 
BURNING 
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Figure 20- Schlieren Photographs of Flame Stabilized on 5 Flameholders 
at 1/2 inch Separation Showing Longitudinal Symmetery of 
Bursitis. 
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FIG.23-RECIRCULATION ZONE LENGTHS FOR 1/4 DIA. CYLINDERS 
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FIG.28-Pt/q vs. FUEL AIR RATIO FOR VARIOUS FLAMEHOLDER 
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